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AN INVESTIGATION OF FULL-SCALE HELICOPTER ROTORS
AT HIGH ADVANCE RATIOS AND ADVANCING
TIP MACH NUMBERS

By John L. McCloud III and James C. Biggers
Ames Research Center

and

Robert H. Stroub
Army Aeronautical Research Laboratory

SUMMARY

Five full-scale rotors were investigated at various advance ratios and
advancing tip Mach numbers in the Ames 40- by 80-Foot Wind Tunnel. The pri-
mary differences between rotors were twist, articulation, and tip airfoil
section. Four of the rotors incorporated the NACA 0012 airfoil section over
the entire blade length. The fifth rotor had tapering thickness and incorpo-
rated leading-edge camber over the outer 20 percent of the blade radius.

The fully articulated rotor with zero twist blades was tested at advance
ratios from 0.30 to 1.05. The other rotors were investigated in the 0.30 to
0.50 advance-ratio range. The teetering rotor with tapered tip blades was
tested at advancing blade tip Mach numbers up to 1.00.

Force, moment, power, and control-setting data were obtained for a wide
range of 1ift and propulsive forces, and are presented without discussion.

INTRODUCTION

Modern helicopter design requires a knowledge of rotor performance
characteristics at high forward speeds. Theoretical predictions have not been
substantiated in this area, and only a limited amount of experimental data has
been available. Because of the changing environment of rotor operation
encountered at high speed, many of the assumptions and approximations of rotor
theory become guestionable. Questions arise regarding not only the magnitudes
of rotor forces and moments, but also the character of rotor operation, for
example, flapping stability at advance ratios as high as 1.0.

In order to investigate these questionable areas, several full-scale
rotors have been tested in the 40- by 80-foot wind tunnel. The results should
be useful for helicopter designs for the near future, and should provide a
basis of comparison for rotor performance prediction techniques and advanced
rotor systems.




Fully articulated rotors, 56 feet in diameter, and teetering rotors 48
and 34 feet in diameter, were operated at advance ratios up to 1.05 and at
advancing tip Mach numbers up to 1.00.

Data were obtained for a wide range of 1ift and propulsive force, and are

presented without discussion.

NOTATION

Positive directions of forces and moments are shown in the following

sketch.
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coefficients in the representation of rotor-blade cyclic pitch,

that is, 6, = =A1g cos V¥ - Big sin ¥, deg

first harmonic flapping coefficients relative to shaft normal
plane, deg

shaft-axes drag
pS(QR)Z

rotor drag coefficient in shaft-axes system,

lift

rotor lift coefficient in wind-axes system, ———=
oS(aR)

resultant rolling-moment coefficient about rotor center in wind-
rolling moment

axes system, >
pS(OR)°R



rolling-moment coefficient about rotor center in shaft-axes system

resultant pitching-moment coefficient about rotor center (same
pitching moment

oS(OR)®R

in both wind-asxes and shaft-axes systems),

resultant yawing-moment coefficient about rotor center in wind
yawing moment

oS(QR)ZR

axes system,

rotor power coefficient
" ps(aR)®
(a) for articulated-rotor data, based on rotor-shaft torsion

data

(b) for teetering-rotor data, based on wind-tunnel balance data

2
C CL, Cx
rotor profile-power coefficient, 32 - ( 05) 2(V;QR) _ 0R %%

rotor yawing-moment coefficient in shaft-axes system,
shaft-axes yawing moment

pS(SR)ZR
rotor thrust coefficient (shaft-axes 1lift coefficient), EEZEEEE
pS(QR)
' o ] ) drag
rotor propulsive-force coefficient in wind-axes system, - S(QR)2
0S(¢

side force

TS(aR)E (same in both wind-axes

rotor side-force coefficient,

and shaft-axes systems)
rotor-blade tip Mach number at 90° azimuth position
free-stream dynamic pressure, (1/2)pV®, 1b/ft®
rotor radius, ft

reference area [(numberzof blades) X (blade chord)
X (rotor radius)], ft



T free-stream temperature, °R

v free-stream velocity, ft/sec
\ .
— advance ratio
OR
Ot angle of attack of control axis (swash plate) relative to tunnel
centerline, positive tilted aft, og - Bls’ deg
g angle of rotor shaft from vertical, positive shaft tilted aft, deg
0 air density, slugs/ft3
9) rotor rotational speed, radians/sec
o rotor solidity, S_
R2
6o cyclic pitch, deg*
01 twist, deg®
00 s collective pitch at 0.75R, deg’

, B collective pitch at 2.33-ft radial distance from hub center, deg®*

s rotor-blade azimuth angle measured from downwind position in
direction of rotation, deg

MODEL DESCRIPTION

General

Figure 1 shows the rotor systems installed in the wind-tunnel test
section. Rotor-shaft angle of attack was remotely controlled using an extend-
able tail strut. Rotor power was provided by a 1500-hp, variable-frequency
electric motor inside the faired bodies. Collective and cyclic pitch were
remotely controlled and monitored from the control room. First-harmonic
rotor flapping coefficients relative to the shaft were obtained from
electronic flapping resolvers.

*Pitch angles are measured from a plane perpendicular to the rotor shaft
and the line of zero LlLift of the airfoil section.



Fully Articulated Rotors

The two sets of blades investigated with the fully articulated rotor
system were dimensionally identical except for twist. One set had -8° linear
twist, and the other 0°. The dimensional information related to the fully
articulated rotors is listed below.

Rotor radius, R, ft 28
Blade chord, c, Tt 1.337
Cutout radius, ft L.48
Rotor solidity, be/nR 0.062
Reference area, ft2 153.1
Blade moment of inertia about flapping hinge,

ft-1b-sec? 1264
Blade weight moment about flapping hinge, 1b-ft 2265
Flapping hinge offset, ft 1.0
Number of blades, b 4
Airfoil NACA 0012
Blade taper ratio 1.0

A standard H-34 transmission and rotor shaft were driven by the 1500-hp
motor, and a special high-strength rotor control system was used.

Teetering Rotors

Three sets of blades were used on the teetering rotor system. The
standard blades (L8-ft diameter) and the 34-ft blades had NACA 0012 airfoil
sections. The third blade set (48-ft diameter) was linearly tapered in thick-
ness ratio from 0.8 R to the tip, which was approximately the NACA 21006 air-
foil. The tip airfoil is described in detail in table I. The dimensional
information related to the teetering rotors is given below.

Rotor radius, R, ft 24.0 17.0
Blade chord, c, ft 1.75 1.75
Cutout radius, ft 2.0h 2.0k
Rotor solidity, be/aR 0.0L6k 0.0656
Reference area, ft2 84h.0 59.5
Blade twist, linear, deg -10.9 7.7
Blade taper ratio 1.0 1.0
Hub precone angle, deg 2.75 2.75
Blade moment of inertia about 2458

" flapping hinge, ft-lb-sec? 2289% 1584
Number of blades 2 2
Airfoil NACA 0012% NACA 0012

*The tapered-tip blades were NACA 00l2 from the
root to 0.8 R, and linearly tapered in thickness from
0.8 R to the 6-percent-thick tip. The zero 1lift line
of the cambered tip sections was varied so that the
twist distribution was linear. (See table I.)



A standard UH-1D transmission and rotor shaft were used in conjunction
with a speed-increasing transmission to match the motor speed to the UH-1D
transmission. The rotor was controlled by a modified UH-1B control system.

OPERATING PROCEDURES

Tunnel speed and rotor rotational speed were adjusted to obtain the
desired advance ratioc and advancing tip Mach number. At each combination of
a and collective pitch, the cyeclic pitch was adjusted to minimize first
harmonic blade flapping, and data were then recorded. Collective pitch or
ag was then changed and the above procedure repeated until a limit was
reached in motor power, control position, or structural loading.

Data Reduction

Six-component forces and moments were measured by the wind-tunnel balance
system. Tare corrections were applied to the balance data to account for
forces and moments produced by the exposed model support struts, the faired
body, and the rotating hub. The rotating hub tares included all hardware
inboard of 0.0814 R for the articulated hub. For the teetering rotor, all
rotating hardware inboard of the 2.66 ft radius station were included in the
tares. The tares applied were based on wind-tunnel dynamic pressure and Qg »
Rotor downwash effects on the tares were neglected because of a lack of confi-
dence in any known technique for assessing thelr magnitude. The tares used
are the faired cuives in figures 2, 3, and 4. The control-axis angle of
attack (a,) was determined by the equation

Qe = Qg - Bls

where longitudinal cyclic coefficient, Bls’ was obtained from model
instrumentation.

Rotor torque and rotational speed were used to compute the total power
coefficient CP/G. For the teetering rotor, rotor torque was measured with
the wind-tunnel balance. For the articulated rotor, torque was measured with
a shaft torsion gage as well as with the wind-tunnel balance. The shaft power
data are presented in the figures since these data are independent of rotor
wake interference effects on the fuselage. Comparison of torque obtained from
the rotor shaft with that obtained from the wind-tunnel balance indicates that
these interference effects are small. The maximum difference between these
torques corresponds to 3 percent of maximum power. The rotor profile power
coefficient is based on the assumption of uniform downwash distribution over
the rotor disk.



Data Presentation

Test conditions for both the articulated and teetering rotors are illus-
trated on the rotor velocity diagrams in figure 5. Numbers adjacent to the
symbols on these diagrams refer to figure numbers which present the plotted
data for that condition. (An index to the figures is given in table II.)

Tabulated data from the articulated and teetering rotor tests are indexed
in table III and are presented in both the wind-axes and shaft-axes systems in
tables IV-l through IV-62.

Although the technique used in these tests was selected to obtain data
with ap, = bls = 0, numerous data were recorded for which flapping was not
zerg. Of those data, only those for which ‘als| or |blsl was greater than
0.2 are so noted and listed in the tabulated data. For the plotted data,
nonzero flapping is not noted except in figures 7 and 8 where iSO of lateral
flapping was intentionally induced for several points.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif. 94035, March 5, 1968
721-01-00-13-00-21




TABLE I.- UPPER AND LOWER SURFACE COORDINATES FOR BLADE TTP AIRFOIL SECTION
FOR TEETERING ROTOR TAPERED TIP BLADE

[All dimensions are in inches]

< —
t

= yupper ylower

0 -0.25 -0.25
.105 -.082 -.343
.210 -.002 -.373
420 .110 -.398
.630 .193 -7
.8Lo .260 -.h35
1.050 .318 -.451
1.575 A15 -.490
2.100 485 -.520
2.625 .532 -.545
3.150 .562 -.562
4,200 .603 -.603
5.250 .623 -.623
6.300 .630 -.630
7.350 625 -.625
8.400 .609 -.609
10.500 .556 -.556
12.600 L79 -.479
14,700 .385 -.385
18.900 152 -.152
19.950 .085 -.085
21.000 .020 -.020

Leading-edge radius = 0.062 at y = =0.250.



Figure
No.

-3

10
11
12
13
1k
15
16
17
18
19

TABLE II.- INDEX TO FIGURES

Title

General view of rotor systems. (a) Articulated rotor system.
(b) Teetering rotor system.

Tare data No. 1 (used for articulated rotor data with fairing over
tail-strut dynamic absorber).

Tare data No. 2 (used for articulated rotor data without falring over
tail-strut dynamic absorber).

Tare data No. 3 (used for teetering rotor data).
Rotor velocity diagrams,
o

Articulated rotor with 65 = -8,

V/OR = 0.30, M(l)(go) = 0.74

V/OR = 0.40, Nkl)(go) = 0.82

V/9R

0.46, Nkl)(go) = 0.82

Articulated rotor with 65 = 0°,

V/OR = 0.30, M 1)(s0) * 0.73
V/QR = 0.40, Nkl)(go) = 0.83
V/QR = 0.46, M(l)(go) = 0.82
V/OR = 0.50, M(l)(go) = 0.83

V/QR = 0.62, = 0.73

1) (00)
V/oR = 0.71, Me1)(s0) " 0.68
V/9R = 0.82, M(l)(go) = 0.62
V/OR = 0.83, M(l)(go) = 0.62

V/OR

"
]
@]

i
.

M(l)(QO) = 0.54
V/OR = 0.40, M1)(g0) = 0.67

V/O9R = 0.87

1"
o
=
l_]

M1y (s0)



TABLE II.- INDEX TO FIGURES - Concluded

Figure Title
No.

Articulated rotor with 65 = Oo,

20 V/QR = 0.89

032 H(2)(s0)
21 V/OR = 0.39, M(l)(go) = 0.93

Teetering 48-ft rotor with standard blades,

22 v = 0.30, M = 0.
/AR =030, M) (50) = O
23 V/QR = 0.30, M(l)(go) = 0.85
2k V/OR = 0.30, M(l)(go) = 0.95
25 V/OR = 0.35, M(1)(s0) = 0.85
26 V/OR = 0.35, M = 0.
/88 =035, M(y)(50) = 0+
27 V/QR = 0.40, M(1)(s0) = 0.85
Teetering 48-ft rotor with tapered-tip blades,

28 V/QR = 0.30, M(l)(go) = 0.85
29 V/6R = 0.30, M(l)(go) = 0.95
30 V/OR = 0.30, Me1)(s0) = 1+00
31 V/QR = 0.35, M1)(s0) = 0.85
32 V/OR = 0.35, M(l)(go) = 0.9k
33 V/OR = 0.h40, M(l)(go) = 0.8k

} Teetering 34%-ft rotor,

| 3k V/QR = 0.51, M1)(s0) = 0.65
35 V/OR = 0.66, M(l)(go) = 0.55
= 0.79, M(l)(go) = 0.52

36 V/OR

’



TABLE III.- INDEX TO TABLES*

Table numbers

Wind Shaft

ros xes Description
Articulated rotor with 63 = -8°,

Iv- 1 IvV-32 V/QR = 0.30, M1y(g0y = O-Th

- 2 1IV-33 V/QR = 0.40, Myy(50y = 0.82

V- 3 Iv-3k V/QR = 0.46, M(l)(go) = 0.82
Articulated rotor with 61 = 0%,

V- & IV-35 V/SR = 0.30, M(1)(5q) = 0-T3

V- 5 Iv-36 V/GR = 0.40, M(1y(50) = 083

V- 6 1IV-37 V/@ = 046, Miyy(goy = 0.82

w- 7 Iv-38 V/SR = 0.50, M(1)(s0) = 0.83

Iv- 8 IV-39 V/GR = 0.62, M 1)(s0) = 0.73

V- 9 IV-4o V/GR = 0.71, M(1y(s0) = 0.68

IV-10 IV-kl V/SR = 0.82, M1)(s0) * 0.62

IV-11 IV-L2 V/R = 0.83, M(1)(s0) = 0.62

Iv-12 Iv-43 V/eR = 1.05, M(l)(go) = 0.54

Iv-13 IV-i4h4 V/SR = 0.h4o, M(l)(go) = 0.67

V-14% IV-45 V/OR = 0.41, M(1)(o0) = 0.87

IvV-15 IV-46 V/SR = 0.39, M(1)(s0) = 0.89

IV-16 IV-47 V/QR = 0.39, M(1)(s0) = 0+93

*Abbreviations in tables are:

CH for Cg/o CP for Cp/o V/OR for V/aR

CLR for CLR/c CPO for cPO/g Nofairiiéeoig

Eval (R o A

e o ® amror Gfo T ST

Y CYR for CYR/U tail strut

CMZ for sz/c M,AT for M(l)(go)
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TABLE III.- INDEX TO TABLES ~- Concluded

Table numbers

Wind
axes

Iv-17
v-18
IV-19
IV-20
IV-21

v-22

-23
v-24
w-25
IV-26
v-27

Iv-28

IvV-29
Iv=-30

w-31

Shaft
axes

IV-48
IV-49
IV-50
IV-51
=52

Iv-53

IV-54
Iv-55
IV-56
v-51
v-58
V-39

IV-60
-61

IV-62

Description

Teetering rotor, standard blades:

V/OR

V/OR

V/R

Teetering rotor, 48-ft tapered

V/R
V/OR
V/OR
V/OR
V/OR

V/OR

Teetering rotor, 34-ft blades:

V/SR
V/®R

V/R

1]

§l

1l

]

il

1}

i}

0:39 M(1)(20)
0:395 M(1)(s0)
2+39 M(1)(s0)
0322 M) (s0)
0:3%2 M(1)(20)

O.LLO, M(l)(9o)

0.30, M(l)(go)
0.30, M(l)(go)
0-30 M(2)(s0)
0-35, M(1)(s0)
0:355 M(1)(s0)

0.40, M(l)(QO)

051> M(1)(s0)
= 0.55

0.66, M(l)(go)
0-195 M(1)(s0)

= 0.79
= 0.85
= 0.95
= 0.85
= 0.95
= 0.85

-tip blades:

= 0.85
= 0.95
= 1.00
= 0.85
= 0.9%
= 0.8k

= 0.52
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(a) Articulated rotor system.

A-37645

(v) Teetering rotor system.

Figure 1.- General view of rotor systems.
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Figure 2.- Tare data No. 1 (used for articulated rotor with fairing over
strut dynamic absorber).
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Figure 3.- Tare data No. 2 (used for articulated rotor without fairing over
tail-strut dynamic absorber).

T1



2

A o} o]
L
A 3 b

0
as, deg

-4

[o]

-8

L
VL
|

\
-

-2

r
e

e b e b
€' 3o} juswow bBuiMDA €% 3ip} uswow Buijjoy

w0
O o (o] (@] (o] (o] Q O (@] (@] ov
T 9 = 8 B8 = DY

mc_w:: juawow buiyayid

N R

[} /1 0 [o}

12

Figure L4.- Tare data No. 3 (used for teetering rotor).
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(b) Teetering rotors.

Figure 5.- Rotor velocity diagrams.
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